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Ubiquitin Signals Protein Trafficking
via Interaction with a Novel Ubiquitin Binding
Domain in the Membrane Fusion Regulator, Vps9p
Truncation of these C-terminal Gly residues in Ub should
prevent its covalent linkage to substrates of ubiquityla-
tion pathways. One of the clones found with this screen
exhibited specificity in that it did not interact with an
I44A mutant Ub (this mutation has been shown to impair
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10675 John J. Hopkins Drive proteasomal recognition as well as to slow down recep-
tor internalization in endocytosis; [10, 13]) or with theSan Diego, California, 92121
Ub-like protein SUMO-1 (Figure 1A). This clone encoded
amino acids 403–451 of Vps9p (Figure 1B). Vps9p and its
mammalian homolog, Rabex-5, are guanine nucleotideSummary
exchange factors (GEF) that promote the fusion of vesi-
cles originating from the plasma membrane or GolgiThe conserved vacuolar protein-sorting (Vps) pathway
controls the trafficking of proteins to the vacuole/lyso- with a prevacuolar compartment [8, 9, 14, 15]. Unlike
receptor internalization and protein sorting at the MVB,some [1, 2]. Both the internalization of ubiquitylated
cargo from the plasma membrane and its sorting at the Vps9p-regulated step in endocytosis is not known
to be regulated by Ub.the late endosome via the Vps pathway depend on
ubiquitin (Ub) binding motifs present in trafficking reg- The Vps9p fragment identified by the two-hybrid
screen encodes the C-terminal CUE domain (Figure 1B),ulators [3-7]. Here we report that Ub controls yet a
third step in the Vps pathway. Vps9p, which promotes which has no known function [16]. This domain is pres-
ent in various proteins in databases (see below) and wasendosomal and Golgi-derived vesicle fusion [8, 9],
binds directly to Ub via a Cue1p-homologous (CUE) originally defined solely by homology to S. cerevisiae
Cue1p. Cue1p is also implicated in the Ub system bydomain. The CUE domain is structurally related to the
Ub-associated (UBA) domain. In an assay for vacuolar virtue of its interaction with the Ub-conjugating enzyme
Ubc7p and by its participation in ER-associated proteindelivery of a transmembrane receptor fused to Ub, a
Ub mutation impairing interaction with Vps9p led to a degradation [17]. In order to determine whether the inter-
action between the Vps9p CUE domain and Ub is directcytoplasmic block in receptor trafficking. This block
resembled that of a receptor fused to wild-type Ub (and not mediated by, for example, a Ub-conjugating
enzyme, as in the case of Cue1p), we purified recombi-but expressed in a vps9-null background. Strikingly,
this trafficking defect caused by a mutant Ub was nant His-tagged Vps9p CUE domain and GST-tagged
Ub from E. coli and examined their interaction by usingrescued by deletion of the Vps9p CUE domain, indicat-
ing that lack of the CUE domain renders Vps9p inde- a pulldown assay. The results in Figure 1C, lane 1, show
that the Vps9p CUE domain interacted directly withpendent of Ub for activation in vivo. We thus provide
evidence for biochemical and genetic interactions be- mono-Ub. For comparison, the proteasome subunit
Rpn10p/Mcb1p, which is known to selectively bind totween Ub and a novel Ub binding domain in Vps9p.
Ub plays a positive role, whereas the CUE domain chains of four or more Ub ([18]; our unpublished data),
did not pull mono-Ub down above the background levelsplays both positive and negative roles in Vps9p func-
tion in trafficking. of resin alone (Figure 1C, lanes 2 and 3, respectively).
The capacity of the Vps9p CUE domain to bind to
mono-Ub had been anticipated from its original identifi-Results and Discussion
cation in the two-hybrid screen with mono-Ub as a bait
(Figure 1A). However, Vps9p is not selective for mono-Although the best-characterized function of polymeric
(poly-) Ub chains is to promote proteasomal degradation Ub and, in fact, binds preferentially to longer, K48-linked
poly-Ub chains (Figure 1C, lanes 5 and 9). Deletion ofof modified substrates, nonproteasomal functions of
monomeric (mono-) Ub have recently emerged, includ- the Vps9p CUE domain (CUE), or point mutations in
residues that are conserved among other CUE domainsing in vesicular trafficking. The S. cerevisiae and mam-
(F420A and P421A), led to loss (F420A and CUE, lanesmalian cell machineries that recognize Ub and regulate
6 and 10, respectively) or reduction (P421A, lane 7) inboth receptor internalization and protein sorting at the
binding to Ub. Thus, the Vps9p CUE domain is bothprevacuolar multivesicular body (MVB) are remarkably
required and sufficient for binding to Ub.conserved [3–7, 10–12], suggesting that Ub has been
A secondary-structure determination program (www.selected for nonproteasomal functions since early in
embl-heidelberg.de/predictprotein) predicted that theeukaryotic evolution. However, the components and
Vps9p CUE domain would fold as three  helices (Figuremechanisms involved in Ub signaling remain largely elu-
2A), raising the possibility that it might be related to thesive. To identify proteins that interact noncovalently with
Ub-associated (UBA) domain, which also binds to Ubmono-Ub and might mediate nonproteasomal Ub func-
and adopts a three-helix bundle structure in solutiontions, we utilized the yeast two-hybrid system to screen
[19, 20] (Figure 2A). In fact, the alignment of the aminoa yeast genomic library with LexA-UbG75G76 as a bait.
acid sequence of 58 CUE and UBA domains of proteins
from yeast to humans revealed significant similarity (Fig-*Correspondence: joazeiro@gnf.org; supek@gnf.org
1These authors contributed equally to this work. ures 2A and 2B). A search of the PDB database with an
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an unknown mechanism, possibly through its associa-
tion with a ubiquitylated protein [22], or through its own
(inefficient) ubiquitylation. The linear fusion of mono-Ub
to Ste2CT-GFP was sufficient to promote delivery of the
latter to the vacuole (Figure 3B, VAC, and Figure 3C,
row 2). This delivery was dependent on Vps9p; Ste2CT-
GFP-Ub accumulated in the cytoplasm of strains con-
taining a deletion of the VPS9 gene (Vps9p-independent
vacuolar delivery was observed in approximately 23%
of cells) (Figure 3C, row 5). The cytoplasmic staining
pattern of Ste2CT-GFP-Ub in vps9 null cells is presum-
ably due to localization of the chimeric protein in small
plasma membrane-derived vesicles that were pre-
viously shown to accumulate in cells lacking Vps9p and
to contain transported proteins en route to the vacuole
[9]. A fraction of Ste2CT-GFP-Ub was localized to the
plasma membrane in vps9 null cells (Figure 3C, row
5), possibly as a result of recycling from cytoplasmic
vesicles in a Ub-dependent manner or an indirect effect
of VPS9 deletion on internalization.
In order to determine whether a Ub mutation that
interferes with Vps9p CUE interaction also interferes
Figure 1. The Vps9p CUE Domain Interacts with Mono- and Poly-Ub
with vacuolar targeting, we examined the phenotype of
(A) The Vps9p CUE domain interacts specifically with Ub in the yeast the Ste2CT-GFP-Ub I44A mutant in VPS9 wild-type cells.
two-hybrid assay. Colonies from L40 yeast expressing LexA-Ub,
This phenotype was similar to that of Ste2CT-GFP-UbLexA-SUMO, and Vps9p-VP16 growing on plates containing histi-
in vps9 null cells; the mutant chimera did not traffic todine were streaked onto plates lacking histidine, as indicated, and
incubated at 30C for 72 hr. the vacuole but instead accumulated in the cytoplasm
(B) Domain structure of Vps9p. The VPS9 GEF domain and the CUE (Figure 3C, row 3). The residual vacuolar delivery seen
domain are represented. Numbers indicate amino acid positions. The with this mutant is also mostly Vps9p independent (com-
fragment isolated in the two-hybrid screen is indicated at the top. pare to results in row 6). These results indicate that
(C) The Vps9p CUE domain is required and sufficient for interaction
either a Ub mutation that interferes with its ability towith mono-Ub and K48-linked Ub chains. N-terminal His8-tagged
interact with the Vps9p CUE domain or a loss of Vps9pVps9p protein, its fragments, or its mutants were used to pulldown
mono-Ub (left panel) or Ub chains (middle and right panels). Pulldown function severely impairs Ste2CT-GFP-Ub delivery to the
products were revealed by immunoblot with antibodies against GST vacuole.
or Ub. The equivalent of 5% of GST-Ub input is shown in lane 4, and The Ub I44A mutation impairs interaction with Ent1p
40% of the Ub chain input is shown in lanes 8 and 11. The number [5], which regulates receptor internalization from the
of Ub in the chain mixture is indicated by the subscript in Ubn.
plasma membrane, and slows down (but does not block)
internalization [10]. Consistent with the latter finding,
HMM built with this combined alignment identified the our results show that the Ste2CT-GFP-Ub I44A mutant,
three-helix bundle domain of another protein whose unlike Ste2CT-GFP, does not accumulate in the plasma
structure has been solved, E. coli EF-Ts. Because E. membrane at steady state. The Ub I44A mutation also
coli does not have a Ub system, this suggests a possible impairs interaction with Vps27p [5], which regulates
evolutionary relationship, but a lack of functional con- sorting at the MVB, and it might have been expected
servation, of a superfamily of three-helix bundle-con- that the Ste2CT-GFP-Ub I44A molecules would accumu-
taining proteins. Some of these proteins utilize the three- late at the MVB. However, at least the fraction of the
helix bundle to bind to Ub (e.g., Vps9p, Figure 1; also Ste2CT-GFP-Ub I44A that bypasses the Vps9-depen-
references [19, 20] and references therein). dent step seems to be efficiently delivered all the way
Because we had demonstrated interaction between to the vacuole (Figure 3C and below). The simplest inter-
Ub and the Vps9p CUE domain, and because Vps9p pretation of our results is that the critical protein-traffick-
regulates the targeting of proteins to the vacuole, we ing defect caused by the Ub I44A mutation is due to
investigated the in vivo role of the Vps9p-Ub interaction its failure to interact with Vps9p to promote endosome
in vesicular trafficking. Levels of pheromone receptors fusion.
at the plasma membrane are regulated through continu- We next examined the requirement for the Vps9p CUE
ous internalization and degradation at the vacuole, a domain in trafficking by analyzing the subcellular local-
process accelerated by ligand binding [21]. A signal for ization of Ste2CT-GFP, Ste2CT-GFP-Ub, and Ste2CT-
internalization of one such protein, the -factor receptor GFP-Ub I44A in strains in which the CUE domain has
(Ste2p), is ubiquitylation at its C-terminal tail [10]. Ac- been deleted from the endogenous VPS9 gene (vps9
cordingly, tagging of a C-terminally truncated Ste2p with CUE). The frequency of cells with GFP signal in the
the green fluorescent protein (GFP) (Figure 3A) revealed vacuole is presented in Figure 3D (in vps9 CUE strains,
that this chimeric protein (Ste2CT-GFP) accumulates pri- Ste2CT-GFP, Ste2CT-GFP-Ub and Ste2CT-GFP-Ub I44A
marily in the plasma membrane of exponentially growing localized to the plasma membrane in 93%  1%, 1% 
cells (Figure 3B, PM, and Figure 3C, row 1). A small 2%, and 0% of cells, respectively, and to cytoplasmic
structures in 3%  0%, 33%  5%, and 31%  3% offraction of Ste2CT-GFP was delivered to the vacuole by
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Figure 2. The CUE and UBA Domains Are Re-
lated
(A) Alignment of the CUE domain of Vps9p
and the UBA domain of human Rad23B. Num-
bers indicate the position of the first amino
acid in the sequences. Amino acids or side
chain features that are conserved among
CUE and UBA domains (see part B) are indi-
cated by shading. The rectangles above the
Vps9p CUE domain sequence indicate pre-
dicted  helices. The rectangles below the
Rad23 UBA sequence indicate sequences
that fold as  helices, as experimentally de-
termined by NMR [20].
(B) Alignment of multiple CUE and UBA domains
from proteins in databases. CUE domains are
represented by the top 29 sequences. Se-
quences were retrieved from Pfam alignments
of the individual domains and are identified
according to the Pfam website (http://pfam.
wustl.edu). The conservation (65%) of an
amino acid or of a side chain feature (polar,
hydrophobic) is indicated by boxing.
cells). Vacuolar delivery of Ste2CT-GFP-Ub was signifi- I44A by Vps9p CUE, when compared to Vps9p wild-
type, was increased approximately 5.1-fold, whereas itcantly more effective (approximately 3-fold) in cells ex-
pressing Vps9p CUE than in cells lacking Vps9p alto- was decreased by 30% for Ste2CT-GFP-Ub. Similarly,
overexpression of either Vps9p CUE or Vps9p con-gether. However, when compared to cells expressing
wild-type Vps9p, a reduction in vacuolar delivery of ap- taining a mutation of a residue that is conserved among
CUE domains (Vps9p F420A), but not of wild-type Vps9p,proximately 22% was observed. These results suggest
that although the Vps9p CUE domain is required for rescued the phenotype of the Ste2CT-GFP-Ub I44A mu-
tant (our unpublished data). Vps9p CUE did not sup-optimal endocytic trafficking, it is not essential for vacu-
olar delivery of endocytic cargo. press the vacuolar delivery defect of Ste2CT-GFP, sug-
gesting that suppression is direct and requires thatThe finding that the Vps9p CUE domain was not es-
sential for vacuolar delivery of Ste2CT-GFP-Ub is in ap- cargo be blocked at the Vps9p-dependent trafficking
step. We conclude that the CUE domain has a negativeparent contrast to the findings that either loss of Vps9p
function or a Ub mutation that blocks CUE domain inter- effect on Vps9p function and that Ub plays a positive role
in Vps9p function via interaction with the CUE domain.action (I44A) impaired vacuolar delivery of Ste2CT-GFP-
Ub. One possibility is that, in addition to the requirement Deletion of this domain creates a protein that is signifi-
cantly less dependent on Ub for signaling in vivo.of an intact CUE domain for Ub to elicit a positive traffick-
ing signal via Vps9p, the CUE domain also plays a nega- It has been proposed that certain regulators of vesicu-
lar trafficking function as adapters between ubiqui-tive role in Vps9p function. Consistent with this possibil-
ity, we observed a striking suppression of the defect in tylated cargo and endocytic scaffolds such as the
clathrin coat. Two steps in endocytosis have been foundvacuolar delivery of the Ste2CT-GFP-Ub I44A mutant
when it was expressed in the vps9 CUE strain (Figure to depend on Ub and Ub-interacting proteins. Mamma-
lian Eps15 regulates receptor internalization from the3D). After subtraction of the background due to Vps9p-
independent vacuolar delivery (Figure 3D, pink bars), plasma membrane and binds to Ub via Ub-interaction
motifs (UIM). Its budding yeast homolog, Ede1p, bindswe calculated that vacuolar delivery of Ste2CT-GFP-Ub
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Figure 4. Ubiquitin-Interacting Regulators of Endocytic Trafficking
Ede1p, Ent1p, Ent2p, Vps9p, Vps27p, ESCRT-I, and Doa4p utilize
different motifs to interact with Ub and regulate sequential steps in
endocytosis. See Discussion for details.
Ub via UIM motifs ([4, 5] and Figure 4). The UIMs in
the orthologs Hrs and Vps27p interact with Ub and are
required at a step farther downstream from internaliza-
tion, namely, the sorting of ubiquitylated proteins at the
MVB ([4–7] and Figure 4). The Ub binding complex,
ESCRT-I, whose Vps23p subunit is a Ub conjugase-like
protein, also participates in the sorting of ubiquitylated
cargo at this step ([3] and Figure 4). The deubiquitylating
enzyme Doa4p removes Ub from cargo prior to incorpo-
ration of the latter into the lumen of the MVB (Figure 4).
Between these steps of internalization and sorting at
the MVB lie Vps9p-regulated endosome fusion eventsFigure 3. Role of the Vps9p-Ub Interaction in Ste2CT-GFP-Ub Traf-
ficking (Figure 4). Our results expand the Ub-protein trafficking
(A) Diagrammatic representation of Ste2p and derived chimeras paradigm by showing that Ub interacts physically (Fig-
utilized in this study. Ste2p wild-type is represented with mono-Ub ure 1) and genetically (Figure 3) with Vps9p, a GEF that
attached to its C-terminal tail. The remaining diagrams represent regulates endosome fusion events, via a novel Ub bind-
Ste2p mutants lacking the C-terminal tail and fused to GFP. Ste2CT- ing motif, the CUE domain. This interaction is critical for
GFP-Ub and Ste2CT-GFP-Ub I44A also show the in-frame fusion of
vacuolar delivery of transported ubiquitylated proteins.wild-type or I44A mono-Ub, respectively, to Ste2CT-GFP.
The Vps9p mammalian homolog, Rabex-5 [15], also(B) Representative images of the localization of Ste2CT-GFP pro-
teins at the plasma membrane (PM), cytoplasm (CYTO), and vacuole has a CUE domain (Figure 2). Rabex-5 activates Rab5,
(VAC). a small G protein that regulates trafficking of a number
(C) Subcellular distribution of Ste2CT-GFP chimeras in Ub- and of receptors (e.g., receptors for epidermal growth factor
Vps9-dependent manners. Yeast cells expressed Ste2CT-GFP, [23], angiotensin II type 1A [24], and acetylcholine [25]).
Ste2CT-GFP-Ub, or Ste2CT-GFP-Ub-I44A, in the presence of a VPS9
Therefore, our results may have implications for a num-deletion (vps9) or not. Exponentially growing cells were analyzed
ber of other receptor systems, both in yeast and in mam-by fluorescence microscopy, and the percentage of cells of each
strain with plasma membrane (PM), cytoplasmic (CYTO), or vacuolar malian cells.
(VAC) GFP signal is indicated. Approximately 100–200 cells were
counted for each strain, in two independent experiments.
Supplementary Material(D) Effect of deletion of VPS9 or of the endogenous VPS9-encoded
Supplementary Experimental Procedures as well as supplementaryCUE domain on trafficking of Ste2CT-GFP chimeras. Exponentially
figures are available with this article online at http://images.cellpress.growing yeast expressing Ste2CT-GFP, Ste2CT-GFP-Ub, or Ste2CT-
com/supmat/supmatin.htm.GFP-Ub-I44A in the indicated vps9 backgrounds were analyzed by
fluorescence microscopy, and the percentage of cells of each strain
with vacuolar GFP signal is indicated. Acknowledgments
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